SOME MFASUXEMENTS OF 
GAMMA RAY SC ATTERING 

IIRADLEY FREDERICK BENNETT 



SOME MEASUREMENTS OF GAMMA RAY SCATTERING 



by 



BRADLEY FREDERICK BENNETT 
Commander, U. S. xV Navy 

B. S., U* S. Naval Academy 
( 1935 ) 

S. M. In Naval Construction, 
Mass. Institute of Technology 
( 1940 ) 



SUBMITTED IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE OF 
MASTER OF SCIENCE IN PHYSICS 

at the 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

( 1953 ) 



ABSTRACT 



Title: "Some Measurements of Gamma Ray Scattering" 



Author: Bradley Frederick Bennett, Commander, TJ. S. Navy 

B. S., U. S* Naval Academy (1935) 

S. M. in Naval Construction, Mass. Institute of 
Technology (1940) 



Submitted to the Department of Physics on August 24, 
1953 in partial fulfillment of the requirements for the 
degree of Master of Science in Physics* 



21550 




. *~ 



V - • x r » > -■ t ~ • t 1 

( . 0 tu . .*! t . 

■ • * ■ < • : 1 . . 

(••*♦*! 



t *ir . 3 lvj«<* cl! tilti 



' -iU 



This paper reports an investigation of the distri- 
bution of the energy, E, of the secondary electrons released 
in an organic scintillator by secondary gamma radiation 
measured on the same side of a scattering medium as that on 
which the source is located. The Investigation was conducted 
by scintillation spectrometry using stilbene on an RCA 6199 
photomultiplier, and employing the technique of Dr. G.J. 

Hine. The amplified detector output is analyzed by a differ- 
ential discriminator of constant window width whose base 
line is continuously varied mechanically so as to scan the 
energy spectrum. The output is recorded by a counting rate 
meter and recording milliaimaeter. 

Effectively semi-infinite scatterers of wood, aluminum, 
iron, tin, and lead were used. The surface of the scatterer 
was always horizontal with its centerline always parallel 
to the source-detector line. The source-detector distance 
was kept at 40 cm while their distance, y, above the scatterer 
surface was varied from 0.5 cm to 90 cm. Essentially all 
of the secondary gammas originated in the scatterers because 
collimation was avoided. The primary beam was not excluded 
from the detector; the energy spectrim of the primary obtained 
with no scatterer was subtracted from that obtained with the 
scatterer in place. The difference was plotted. These data 
were presented in various ways to show the counting rate as 
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a function of the other three prime variables, E, y, and Z 
(atomic number of the scatterer) . 

Auxiliary experiments were run in the same manner 
measuring effects of reducing the surface area of a scatterer, 
changing the primary gamma-ray energy from the mean of 1,26 
Hev from Co 6 ® to 0,663 Mev from Cs 1 ^, and changing the thick- 
ness of one of the scatterers, 

A qualitative discussion is presented for each part of 
the Investigation, explaining as far as possible the signi- 
ficant features of the data such as maxima and variations in 
intensity observed, and attempting to correlate them with 
the prime variables, A relation to the density of the scatterers 
is also inferred. 

By consideration of the angular distribution shown in 
Compton-Rayleigh scattering, and by taking into account the 
absorption of the scattered gammas by photoelectric effect 
in high Z materials, satisfactory explanations are found for 
most of the observed phenomena on the basis of existing know- 
ledge. A few features, however, require further observations 
for verification and clarification. 
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I. INTRODUCTION 



A. The interaction with natter of gamma rays and 
hard x-rays is inclined to be rather complicated* It is 
also involved in important ways with applications of x- 
rays and nuclear processes, both natural and artificial* 
Probably the greatest practical importance is due to their 
effect on biological tissue, apparently always harmful to 
any directly affected cell but not always harmful to the 
organism as a whole, of which the cell is a part.** 5 ’ ^ 

The resulting interest in such interaction has been 
very fruitful, particularly in determining the mechanisms 
and coefficients for absorption, primarily narrow bean 
absorption.*^' HI?, in ^road fc ear . attenuation 

experiments the loss in a given direction by scattering of 
some primaries away from this direction is partly compen- 
sated for by the scattering of other primaries into the 
given direction. The ratio of primary plus secondary to 
primary is known as the "build-up factor". This also has 
recently come in for considerable attention.*^' ^ 8 ' 

P4, S4, V , V4 Complications arise here because the 
scattered radiation has different energies than the pri- 
mary and hence different attenuation coefficients. 
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These difficulties are aggravated in the area of 
Investigation which has received a little less attention, 
namely the components of scattered radiation emerging from 
a scatterer in a direction other than that at which the 
primary enters it. This back-scattered or side-scattered 
radiation can be an important factor when making measure- 
ments near the ground, shielding, or other heavy structure. 
It can result in increased exposure to patients undergoing 
extensive radiography or therapy or to personnel working 
with or near x-ray equipment, accelerators, reactors, or 
radioactive materials. The exposure problem is normally 
aggravated by the greater susceptibility of biological 
tissue to damage by the lower energy scattered radiation. 
Thus the energy spectrum of the scattered radiation becomes 
of considerable interest. 

As will be shown in Section II, the calculation of 

Fll 

this spectrum is exceedingly difficult. In fact, U* Fano 
says in part, ^The presence of ground near a source-detector 
system complicates the problem greatly and puts it, in the 
main, beyond the reach of present-day theory” ♦ And approxi- 
mations which are suitable for many problems involving 
ground or concrete, are more restricted when the scattorer 
is of considerably higher atomic number, c.g., stoel 
(Z,., - S6) . 
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The energy spectrum of back-scattered radiation from 
an uncollimated source has boen investigated by G. Hine.^^ 
That of radiation scattered at various angles from a colli- 
mated source has been reported by E. Hayward and J. H* Hubbell 

And experiments have been reported which gave the total 

y c vt 

scattered radiation but not its spectrum* * ‘ ^ 

B. It is the purpose of this thesis to measure the 
energies of the secondary electrons created in a detector 
practically equivalent to soft biological tissue by the 
secondary gamma radiation resulting from the proximity of 
various scatterers to the source-detector system* Other 
scattering agents were reduced as far as practicable and 
kept essentially constant* For simplification the source- 
detector distance (r) 'Was kept constant and the line between 
them was kept parallel to the long edge of the scatterer 
with its center vertically above the center of the hori- 
zontal scatterer* The atomic number of the scatterer was 
varied, and for each scatterer the vertical distance (y) 
of the source and detector was varied* For each geometry 

/•* 1"V 

the energy spectrum with Co' v ' source (1.25 Hev average) 



H12 



was taken using as small a stilbene crystal as practicable 
mounted on an RCA 6199 photomultiplier tube. The photo- 
multiplier output was amplified and its spectrum analyzed 
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by a differential discriminator with power-driven scanner. 

The discriminator output was recorded by a counting rate 
meter and an Esterline-Angus recorder. Huns were repeated 
and these were averaged* From each of these averaged spectra 
there was subtracted the average spectrum obtained with no 
scatterer in place. The energy scale was calibrated with 
internal conversion electrons of Cs ^ • An effort has been 
made to analyze Qualitatively these energy spectra of the 
build-up as a function of the atomic number of the scatterer 
and the distance of source and detector above the scatterer. 
Some data have also been similarly obtained and treated using 
a Cs*"^ source (663 Kev) to examine the effect of changing 
the energy of the primaries. 
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II. THEORETICAL ANALYSIS OF THE PROBLEM: INTERACTION 

OF RADIATION WITH MATTER D2 ' E1 * F2 ' F9f bl 

A. GENERAL. 

Gamma rays, and of course x-rays, interact in one or 
more of several ways with the matter they pass through. 

pi 

Fano discusses the various nodes of interaction, particularly 
effectively by dividing them into absorption (A) , coherent 
scattering (B), and incoherent scattering (C), any of which 
may occur with atomic electrons (l), nucleons(ll), or the 
•lectric field surrounding charged particles, either nuclei 
or orbital electrons (III) • Interactions with meson fields 
(also discussed by Fano) occur only at photon energies con- 
siderably greater than those with which thisnlnvestigation 
is concerned. Of the nine remaining processes, photo-absorption 
in the nucleus (IIA), nuclear elastic scattering (IIB) and 
Delbruck scattering (IIIB) are also insignificant, and (IIC) 
and (IIIC) are unobserved. 

B. PHOTOELECTRIC EFFECT (IA) D2 ' E1 * ia 

In the photoelectric effect (IA) all the energy of the 
photon is absorbed. A free electron cannot do this because 
momentum would not be conserved; an almost free ^outer) 
electron does not do it for the same reason. Most of the 
photoelectric absorption is by the most tightly bound 
electrons, i.e., in the K shell. Because of the binding 
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energy the atom as a whole is able to participate and we 
hare 100°^ ' absorption. The electron is emitted with the 
full energy of the photon less Its binding energy in accordance 
with the Einstein equation 



This process is most probable when hv is slightly greater 
than the energy of the ^-absorption edge. The empirical 



where is a constant signifying proportionality, N is 
Avogadro f s number, £ is the atomic number, A is the atomic 
weight, and f^(hv) is a function of the photon energy. For 
a detailed discussion which breaks the problem up into 
several ranges of energy defining and f^Ow) for each, 
see particularly Davisson and Evans* Keitler*^( second 
edition - not the first edition which contains errors), and 
the references quoted by these authors, S1,S2,S3 

C, TEOIiSQH SCATTERING 0 ^ 

Classical, or Thomson, scattering is usually discussed 
on the basis of the effect of an electromagnetic field on an 
electrons the oscillations of the electron in this field 
cause the emission of radiation of the same frequency and 
phase as the incoming radiation. The same frequency means 



T * hv - I 



(II-1) 
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value which is quoted herein is 
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tne sane energy, i.e., no energy is transferred. Because 

the phase is the same, this type of scattering is known also 

as coherent scattering. The Thomson scattering coefficient, 

— 24 2 

calculated By classical electrodynamics is 0,666 x 10 cm . 
For 1 < Z < 17, Z/A » 0.5; for Z >17, 0.4 4 2/A < 0.5. For 
Z/A =* 0.5, the mass scattering coefficient for Thomson 
scattering ^ 0.2. Angular dependence of intensity is as 
1 + cos' o i.e., maximum variation is 2 to 1 and preferential 
directions are 0° and 180°. For high 2 materials constructive 
interference effects modify this; for high energies ionization 
takes place and the process is no longer coherent. Thomson 
scattering itself is of no importance in this investigation 
but a discussion of it is included as an appropriate pre- 
liminary to discussion of Rayleigh and Compton scattering. 

D. RAYLEIGH SCATTERING (IB) F1 ' H1 * 13 
Rayleigh scattering will be discussed first from a 
classical analogy and the particulate point of view. If a 
relatively high energy photon strikes an orbital electron 
squarely it will eject it, but if it strikes it a glancing 
blow so that the momentum transfer results in less kinetic 

energy for the electron than its binding energy, we get a 

FI 

completely elastic collision of type IB, called by Fano 
"Rayleigh scattering". The momentum transferred to the 
electron is taken up by the entire atom. The higher the 
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atonic nuabor of the atom the more momentum can be trans- 
ferred without ejecting the electron and hence the greater 
the possible angle of scattering of the photon. Conversely, 
the greater t v,< * energy of the photon, the less the angle for 
a given Z. Eea Table 4.3 for a few representative values. 

Within the restriction of momentum transfer, Rayleigh 
scattering behaves like Thomson scattering, being coherent. 

At high 2 there is constructive interference. The effect is 
strong it lew energies end high Z . In this investigation 
with relatively high energy it is of importance only at high 
Z end very small angles. 

E. COMPTON SCATTERING (IC) D? ' cl > f& * K1 > H31 > K4 > R3 
With photons of the energy encountered in gamma rays, 
interaction with a free electron is not elastic and s. valence 
electron in an atom has so much less binding energy than the 
gamma ray that for any but the most oblique collisions the 

electron is essentially free. This nay be spoken of as the 

© 

relativistic range below £m 0 C } relativistic because the 
conservation of momentum in the interaction involves the 

p 

relativistic mass of the photon, and below Pm i? c ' because above 
this, although the Compton effect still exists, there Is 
competition from pair production which soon exceeds it in 
importance. 

Compton^ equations are obtained by applying conserva- 
tion of energy end conservation of momentum in two orthogonal 
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directions in the plane determined by the paths of the 
scattered photon and the secondary electron. This yields 



hv* » 



hv 



1 + - cos 0) 



(II-3) 



m c 
o 



end 




sss n — (II . 4) 



1 + — - g (l - cos 6 ) I m 0 c* + hv(l - cos 6) 

m 0 c 

where hv is the energy of the incident photon and hv* that of 
the photon scattered at # • Equation II-3 gives the energy 
of scattered photons as a function of scattering angle j to 
get the distribution of the intensity of scattering it is 
necessary to treat the problem au&ntua-raechanically, as done 
by Klein and SisKina^* who get as the differential cross 
section per electron per unit solid angle 









Eg 



where r Q is the classical radius of the electron 

(r Q g ** 7.94 x IQ"* 6 cm £ ) and dlL is the differential solid 

angle = 2v sin# d# . Results in the form of tables and 

curves are available, particularly due to Davisson and Evans 
W2 

and White . Qualitatively those results indicate preferential 
forward scattering, particularly at higher energies. Con- 
sideration of the Compton formula (II-3) and the behaviour 
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of cos 0 at large angles will point out that there is 
surprisingly little variation in energy over very considerable 
changes in angle* Thus there is a relatively nearly monoenergetic 
component of scattered radiation in this range which is of 
particular importance both in back-scattering experiments and 
in scintillation spectrometry, particularly with organic 
scintillators. For gamma-ray energies encountered in radio- 
active isotopes, the Klein-Nishina relation does not indicate 
such extreme small-angle preference that a great many photons 
are not scattered between 135° and 180°. Approximately this 
range gives a sufficiently constant energy to give & back- 
scattering peak and to give in a scintillator a secondary 
electron energy peak commonly referred to as the Compton peak. 

This is of great assistance in analyzing data, especially when 
using an organic scintillator which has no photoelectric peak 
for such energies. 

I. ?AIR PRODUCTION (IIIA) 

p 

When the photon energy exceeds 2m o c » 1,02 Mev in 
the center of mass system, it can interact with the atomic 
nucleus and create a positron-negatron pair which carry away 
the excess energy over 1.02 Mev. This process has a low cross 
section until hv appreciably exceeds 1,02 Mev and hence it is 
of no importance in this investigation. 
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